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INTRODUCTION
More than 50 yr ago, Hans Jenny outlined the importance of the state factors climate, organisms, topography, time, and parent material in the regulation of soil organic matter (SOM) dynamics (Jenny 1941 ). Now that human activity is expected to alter the first two of these on a global scale, much attention has been given to how these changes could affect the role of SOM in the global carbon cycle (Schimel et (Woodwell 1990 , IGAC 1990 , IPCC 1990 ). However, our ability to predict such changes is impaired by an incomplete knowledge of how climate controls soil carbon turnover and storage.
One uncertainty results from the fact that our understanding of the effect of temperature on decomposition is derived mostly from short-term studies, the results of which are applied to all SOM as if it were a single undifferentiated pool. In fact, SOM is highly complex and heterogeneous (Kononova 1975 , Schlesinger 1977, Van Veen and Paul 1981), with organic compounds that vary from labile microbial biomass and fresh plant material to extremely refractory components that can remain in the soil for millennia. A number of successful models of SOM dynamics Raynor 1977, Parton et al. 1987 ) therefore separate soil carbon into pools with different turnover times; a small fraction is labile (-5%), with the remainder divided into a large (60-85% of the total) "intermediate" SOM pool with turnover times in the range of years to decades, and a smaller (10-40%) "passive" SOM pool with turnover times of thousands of years. The labile, or "active," pool can change quickly in response to climate or land use change, but is too small to affect total stocks on land (and therefore the atmosphere) significantly; the passive pool turns over too slowly to make any real difference for several centuries. In contrast, the large intermediate pool is likely to respond on the time scale of anthropogenic global change, and analyses of the consequences of such change need to determine rates and controls of its turnover.
The relatively slow decomposition of the intermediate and passive pools means that CO2 efflux from soils (soil respiration) is dominated by decomposition of the small active pool and by root respiration. Trumbore 1993 ). However, to improve understanding of the response of SOM to environmental change, such isotopic measurements are needed along independent gradients of the controlling state factors. We used both '3C and 14C to estimate SOM turnover and pool structure in forests and pastures along an altitudinal gradient on the island of Hawaii. The resulting data provide a functional relationship between temperature and turnover of the largest SOM pools, as well as information on the effects of forest to pasture conversion in a tropical environment.
METHODS

Study sites
The sites are on the northeast flank of Mauna Kea volcano in the Laupahoehoe Forest Reserve and the adjacent Waipunalei tract. They consist of native Metrosideros polymorpha dominated rain forest (C) that ranges from 700 to 1700 m elevation, and of adjacent pastures, dominated by the African C4 grass Pennisetum clandestinum, that were converted from this forest several decades ago. The pastures extend below the forest to sea level, and both forest and pasture sites can be found at all elevations on the same soil type. These soils are andisols, classified in the 1965 Hawaii Soil Survey as typic distrandepts, and all are derived from what is known in Hawaii as "Pahala Ash," a generic term for a series of large volcanic ash falls occurring between 12 000 and 20 000 yr ago . Although different ash falls can vary both physically and chemically, there is little variation in a single large event like the one that covered our sites .
Mean annual rainfall varies from 2000 to 3000 mm, with a positive water balance at all elevations throughout the year (Juvik et al. 1978) ; therefore all soils are in a udic moisture regime and the gradient is essentially one of temperature, with a decrease in mean annual temperature of 9.40C from the lowest pasture site at 100 m to the highest at 1700 m. We selected five main sites along this gradient: pastures at 100, 800, and 1700 m, and forests at 900 and 1500 m. The uppermost two pastures were 40-50 yr old, and the lowest was -100 yr old. We also selected two pastures at 800 m elevation that were -10-15 yr old and 15-27 yr old. The ages were determined by using air photos of the region taken in 1977, 1965, and 1954, and by talking with local landowners.
With the exception of stream cuts, the topography on a shield volcano such as Mauna Kea is quite consistent; all five sites were relatively level at a given altitude and all had a gradual slope towards the sea. Soil depth to older substrate was at least 1 m in all sites. To check our assumption that soil type was similar, we measured soil pH in CaCl2 and in NaF of samples taken at 0, 20, 40, and 60 cm in each of the five sites. NaF pH is used as an index of allophane activity (Fieldes and Perrott 1965, Uehara and Gilman 1981). Soil pH values in both solutions were slightly lower at 0 cm in the forests (presumably due to surface litter), but overall values were extremely similar among the five sites (Fig. 1) .
Soil carbon
With the exception of the samples for carbon-14, all soils were collected with a 5 X 20 cm corer. In each site, 15 cores were collected randomly along three 100-m transects. Sample sizes were between 100 and 200 g (dry mass), and all samples were passed through a 2-mm mesh sieve, after which any remaining root fragments were removed manually. The soils were then oven dried at 1000C, and kept at room temperature for analysis. Carbon contents were determined by combustion in a Carlo-Erba C/N analyzer; all samples were analyzed 2 or 3 times. bers per site (33 cm diameter) were covered with aluminum foil, placed on the soil, and pushed in slightly to form a seal once all vegetation was clipped at the soil surface in the area encompassed by the chambers. The chambers were then removed, and allowed to equilibrate for 30 min. The soda lime tins were then opened and placed in the center of the cleared areas, the chambers were gently reinserted into the soil, and rocks were placed on top to keep the seal intact. Three tins per site were collected immediately and resealed to serve as blanks.
After 24 h, the chambers were removed and the remaining tins collected and sealed. A temperature probe was inserted -2-3 cm beneath the soil surface in all chamber locations, and soil temperatures were recorded. Soil cores were taken from within each chamber site and homogenized by hand. Subsamples were then taken from the homogenized cores, weighed, dried for 48 h at 100TC, and reweighed to determine soil moisture. The soda lime tins were dried at 100IC for 24 h and weighed; the difference between pre-and postsampling masses was assumed to be due to the CO2 adsorbed during sampling. Sampling was done 6 times between November 1991 and September 1992. Values were converted to grams of carbon per square metre per day; annual values were computed by averaging all sampling days. 
Carbon-13 of soil respiration
Glass Wheaton jars (30-cm3) were annealed at 300'C, sealed with red rubber Wheaton septa that had been boiled for 2 h, and then evacuated and sealed with Apiezon N grease. Plastic chambers fitted with Swagelok valves were connected to Teflon tubing equipped with clamps. The clamps were closed, chambers were placed over bare soil (see Soil respiration above), and CO2 was allowed to accumulate within the chamber for 30 min. A Luer-Lock syringe was then attached to the free end of the tubing, the clamp was opened, and a 30-cm3 sample was taken by drawing and plunging the syringe 3 times before locking the syringe valve. A 22G surgical needle was then placed on the syringe and pushed through the thick portion of the Wheaton jar septa. All of the gas was plunged into the jar, the needle removed, and the septa again sealed with grease. We found that extracting samples through a needle directly from the chamber into the syringe can cause fractionation of >3%o; needles should be used only when the entire volume of gas is being transferred. The CO2 in the samples was extracted and purified under vacuum, and then analyzed on a Nuclide 6-60 mass spectrometer in David Des Marais' laboratory at NASA/Ames Research Center. Values are calibrated and reported as described in the preceding section; analytical precision was ?0.1%o. All '3C values for soil respiration are reported minus the fraction due to at- 
Carbon-14
Two 1 m deep soil pits were dug at each site; soil samples were collected at 20-cm increments to 1 m from the wall of the pit. These samples were taken by scraping free 2-3 cm from the surface of the walls to avoid contamination caused by digging, and then scraping an additional amount on to a clean trowel. Soils were processed and combusted in a quartz tube as described above; the resultant CO2 was then analyzed for both '3C (as above) and 14C. 14C was measured using Accelerator Mass Spectrometry (AMS; Trumbore 1993). The CO2 was catalytically reduced to graphite AMS targets (Vogel et al. 1987) , and measurements were made at the Center for Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory. 
SOM fractionation
We attempted to separate bulk soil into fractions with different turnover times via two fractionation schemes. The first was a physical procedure described in full by Cambardella and Elliot (1994), in which the soils were dispersed in sodium hexametaphosphate for 16 h and then passed through a 53-[Lm mesh sieve. The second was a chemical procedure described by Trumbore (1991) , in which the soils received alternating applications of HCl and NaOH (Trumbore 1991). The '3C and 14C values of each fraction were then determined.
Century model
Simulations of carbon dynamics of all five sites were done with the Century Soil Organic Matter model, which is described in detail in Parton et al. (1987 Parton et al. ( , 1988 . This model has been applied widely to both grassland and forest sites, has been validated extensively against sites in the Great Plains, and most recently, against a worldwide set of grassland sites ( Century's default structure causes fine-textured soils to retain a substantial fraction of rainfall. The allophanic soils in these sites are fine textured but macroporous so that the high rainfall in the sites does not cause the soils to flood. Consequently, we decreased the model's fraction of rainfall that is stored by 30% so that both texture and drainage were reasonable. Monthly mean temperatures and rainfall for each site were taken from Giambelluca et al. (1986) and the Atlas of Hawaii (1983), and the model was run to equilibrium for each site. Final equilibrium values for respiration, soil carbon, and SOM turnover are reported here.
RESULTS
Soil carbon and respiration
Total soil carbon varies from 15 360 g/m2 in the highest forest to 9610 g/m2 in the lowest pasture (Table 1) . In general, soil carbon increases with increasing altitude, but there are no significant differences between forest and pasture sites at a given elevation. There was considerable variation in soil respiration at each site from month to month (Table 2 ), but mean annual values (calculated from an average of the six sampling dates) also show a decreasing trend with altitude, with the greatest respiration occurring in the lowest pasture (Table 1). Mean annual respiration was not significantly different between the high elevation forest and pasture, but was higher in the 800 m pasture than in the 900 m forest. Soil moisture contents were relatively high at all sites and sampling dates, reflecting the high, relatively constant rainfall of the area ( (Table 1) . Soil '3C values in the youngest pasture at 800 m (10-15 yr old) are significantly lighter than in the two older pastures (Fig. 2) .
The '3C values of CO2 respired from the soil are relatively constant among pasture or forest sites. Pasture values lie between -15.2 and -13.3%o, while the forest values are -26.2 and -26.0%o (Table 1) ; there are no significant differences among sites of the same vegetation type.
The soil '3C data from the pastures can be used to estimate the amount of SOM that has turned over since conversion from forest: %Forest C '3C pasture soil -'3C pasture veg x 100.
(3) '3C forest veg -'3C pasture veg Using this equation, we find that only -25% of the soil C in the 100 m pasture is forest derived, but that at 1700 m, more than half of the carbon in the soil is still derived from the forest (Table 1) .
Carbon-14
The soil 14C values vary widely among sites, and the error associated with the value for each site is large. Values in the pasture sites range from -70 to +34%o, and the two forest sites are -24 and +51%o (Table 1) . The large errors associated with these values are due to spatial variability; we could not overcome it with more sampling due to the expense of AMS measurements.
Microbial biomass
Microbial carbon biomass varies from 1.78 mg/g soil in the lowest pasture to 3.55 mg/g soil in the highest (Table 1) . Values for the two forest sites fall between these two, and only the lowest and highest pasture values were significantly different. These values represent a relatively small fraction of total soil carbon (1.01-1.85%; Table 1 ).
SOM fractionation
The absence of aggregate structure makes allophanic soils notoriously difficult to fractionate (Sollins et al. 1983 ). Although the 14C bulk soil data shows that very old carbon must exist in these soils, we were unable to separate fractions by age; there were no significant differences in 14C or in '3C among the fractions derived from either the physical or the chemical procedure.
Century modeling
In general, Century simulated observed carbon pools and fluxes in these sites reasonably well. The model overestimated soil carbon by 4.8-28.2%, and underestimated soil respiration by 5.5-36.8% (Table 3) . Because Century's values for respiration do not include roots, the comparison between respiration values required an estimate of root respiration for the data; we used a literature-based estimate that 50% of total CO2 evolved from the soil is due to roots (Raich and Schlesinger 1992).
MODELS OF SOM TURNOVER
The values for '3C in the pastures show how much soil carbon has turned over in the decades since con- version, but since the pastures vary in age as well as in climate (Table 1) , the effects of temperature on turnover times cannot be determined directly from 13C. However, the isotope signal provides excellent validation for modeled estimates of SOM turnover. We used the data on soil carbon stocks and fluxes in simple models based on either a one-or three-pool SOM structure, and then compared these estimates of turnover to the 13C data. First, we assumed a single undifferentiated SOM pool that turns over according to the generalized decay equation:
where C0 is the initial pool of organic matter, Ct is the amount left at time t, and k is a fractional loss constant (Jenny 1980 This one-pool model calculates turnover times for SOM in our sites that vary from "-'4 yr at the warmest end of the gradient to ;:'9 yr at the coolest (Table 4) . To the extent the structure of SOM is important, however, these calculated turnover times could be a misleading average. To account for the structure of SOM, a model could incorporate the decomposition constants for each pool (arrived at by dividing the size of the pool by the flux from that pool) into an equation describing multiple exponential decay: (Table 1) ; therefore -25% of the soil carbon is from the forest. We suggest that this is the passive fraction. Moreover, since all sites are on the same soil type, we assumed this fraction remained relatively constant across the sites, and subtracted it from the total soil C values. We further assumed that decomposition of passive C makes no contribution to soil respiration.
Second, we used long-term incubations of soils collected in all five sites to estimate the fraction of heterotrophic respiration derived from decomposition of intermediate SOM (Townsend 1993 ). Respired carbon was measured for 8 mo in these incubations. We assumed that the active SOM pool would decompose rapidly in soils removed from the plant-soil system, but that decomposition of the large intermediate pool would be much slower. Fluxes of CO2 therefore should drop rapidly early in the incubation as active SOM is lost, and then stabilize as respiration becomes dominated by decomposition of intermediate SOM. Incubations of soils from our sites all followed this pattern, with fluxes stabilizing between 15 and 25% of initial levels after the 1st mo (Table 5 ). This range is in close agreement with simulations for a broad spectrum of sites generated by the Century model (Schimel et al. where C. is the amount of carbon in each pool, and Rx is the amount of respiration, from each pool. The k values were then used to calculate half-lives of intermediate SOM using Eq. 7 (Table 3) .
The "3C data can be used to test the accuracy of both the one-and three-pool models. For the one-pool model, we set C equal to the percent forest-derived soil carbon and t to pasture age (Eq. 6), and found that the model predicts that <5% of the carbon in any of the pasture soils should be forest derived (Fig. 3) . We know from the isotope data that this is much too low, and therefore this model estimates turnover times that are too rapid for the bulk of SOM.
A This model assumes that all passive carbon is forest derived, and that all active carbon is grass derived. In contrast to the one-pool model, it is in close agreement with the field data (Fig. 4) fraction of passive C, the soil isotope values provide independent validation of the model results. Support for the three-pool approach is also seen in Fig. 2 , which plots soil '3C for pastures along an age gradient at 800 m. The values show a change from :70 to 40% forest-derived carbon between the youngest and oldest pastures, and a decrease in the rate of change with time. This pattern is consistent with an intermediate pool that has a half-life in the range of 15-20 yr, and with the existence of a passive pool. In contrast, the one-pool model predicts <50% forest carbon in the youngest pasture, and a continued rapid decrease to near zero in the oldest.
The low turnover times calculated by the one-pool model are due to the disproportionate amount of CO2 produced by decomposition of the small active SOM pool. The dominance of active SOM and roots over respiration is shown by the 13C data for soil respiration in the pastures (Table 1) . If decomposition of the bulk of SOM dominated respiration, the 13C values for respiration would equal those of the bulk soil; instead, they show a much greater proportion of grass-derived carbon in the CO2 than in the bulk soil.
Carbon-14
The 14C data (Table 1) (Table 4) . The '4C model's estimates of passive SOM, however, differ from the 25% value used above (Table 6 ). This discrepancy is largest in the lowest pasture; the value calculated from '4C is 38%, whereas the '3C data that shows that no more than z25% of SOM can be passive in this site. This difference could be due to the sensitivity of '4C to small changes in very old SOM. '4C ages at just 40 cm depth in this site are >5000 yr old (Fig. 4) , and sampling errors caused by erosion of surface soils or by accidental incorporation of very small amounts of deeper soil could have profound effects on the '4C values, causing the results to err in the direction of too much passive SOM. These processes would have little effect on the '3C data.
Erosion following conversion could also cause the consistently greater '4C ages at all depths at lower elevations (Fig. 3) . If more surface soil has been removed in the lower pastures, then each sampling point in the depth profile is in effect representative of a deeper layer in lower pastures as compared to higher ones. Greater soil loss seems especially likely in the lowest pasture since it has been under human influence for twice as long as the higher two.
Century model
Finally, we compared estimates of SOM turnover from both the three-pool model and the l4C model to those generated by Century, and found all three approaches to be remarkably similar (Table 3) over in the pastures are very close to those of the databased models because the model was allowed to run to equilibrium before the turnover times were calculated, and its ratio of respiration to soil carbon at equilibrium is close to that of the data, even though the values differ. Century also predicts somewhat different amounts of passive SOM than do the other two models. Like the 14C model, it estimates that the passive fraction increases slightly with decreasing elevation in the pastures, though there is almost no difference between the two forest sites (Table 6 ).
Model validation
The soil '3C data in the pastures provides a test of all three models' estimates of pool sizes and turnover times. Each model assumes that the active pool has the same '3C value as the grass, that the passive pool's signature is equal to that of the forest vegetation, and that the intermediate pool's '3C value depends on its turnover time and the pasture age. Fig. 5 compares the observed soil '3C data to the predicted values generated by the one-pool model, the three-pool model, the 14C model, and the Century model. This is an independent test of all four models with the exception of the threepool model at 100 m elevation, since the '3C data from this site was used to estimate the amount of passive SOM. Again, the one-pool model does a poor job, predicting '3C values that are far too high in all three sites, while all three models that account for pool structure come much closer to the data. Agreement among these three models and between the models and the data is quite good for the uppermost two sites, with a total range of <l%o in both cases. At 100 m elevation, both the Century and the 14C model predict '3C values that are slightly too low. Estimates of turnover by all three models are quite similar at all sites (Table 4) ; differences in their predicted values for '3C result from differences in their estimates of passive SOM (Table 6 ).
Sensitivity analyses of simple three-pool models
The three-pool model (Eq. 7) presents a simple approach to calculating SOM turnover that still accounts for its structure, and that is consistent with the field results. A problem with this approach, however, is that it is highly sensitive to the estimated fractions of root, active pool, and intermediate pool respiration. (Table 7) .
DISCUSSION
It has been suggested that increasing atmospheric CO2 and a warmer climate could cause feedbacks in soil carbon cycling spanning a range from positive, where carbon losses from soils to the atmosphere accentuate warming, to negative, where increased carbon storage offsets the changes in the atmosphere (Prentice and Fung 1990, Woodwell 1990 ). Whether such feedbacks will occur, and if so which direction will prevail globally, will depend greatly on the response of intermediate SOM. The sites studied in this research pro- Fig. 6 shows our estimates of the half-life of intermediate SOM from all three models plotted against mean annual temperature. The values range from z14 yr at the warmest end to 30 yr at the coolest, roughly a twofold increase in turnover over a 100C range. This rate of change suggests a Q10 of z2, but given the error associated with these estimates, it is impossible to determine if the relationship is indeed exponential, or whether it is linear. Nevertheless, for at least the range provided by these study sites, the twofold change in turnover times suggests that decomposition of more recalcitrant fractions may be as sensitive to temperature as is that of the smaller labile pools. CONCLUSIONS 1) We used four different approaches to estimating turnover of intermediate SOM, the largest of the three major SOM pools. The soil '3C data showed that the three models that accounted for pool structure did a much better job of predicting SOM turnover following conversion from forest to pasture than did the simple one-pool model. All three multipool models were in close agreement, and all predict rates of SOM turnover that are three times slower than those from the onepool model.
2) Intermediate soil carbon still can respond rapidly to environmental changes. We estimate that z75% of the SOM in the top 20 cm of these soils has turnover times of ?30 yr, even at the coldest end of the temperature gradient. At the warmest end, a site with a climate that is representative of much of the lowland tropics, the turnover time of the large intermediate fraction is < 15 yr.
3) The approximate doubling of intermediate SOM turnover times with a 10C decrease in temperature suggests that decomposition of the larger, recalcitrant soil carbon pools may be as sensitive to temperature as the more labile active fraction.
